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Human nucleotide excision repair processes carcinogen-DNA adducts at highly variable rates, even at
adjacent sites along individual genes. Here, we identify conformational determinants of fast or slow repair by
testing excision of N?-guanine adducts formed by benzo[a]pyrene diol epoxide (BPDE), a potent and ubiqui-
tous mutagen that induces mainly G - C—T - A transversions and frameshift deletions. We found that human
nucleotide excision repair processes the predominant (+)-trans-BPDE-N?-dG adduct 15 times less efficiently
than a standard acetylaminofluorene-C3-dG lesion in the same sequence. No difference was observed between
(+)-trans- and (—)-trans-BPDE-N?-dG, but excision was enhanced about 10-fold by changing the adduct
configurations to either (+)-cis- or (—)-cis-BPDE-N?-dG. Conversely, excision of (+)-cis- and (—)-cis- but not
(+)-trans-BPDE-N?-dG was reduced about 10-fold when the complementary cytosine was replaced by adenine,
and excision of these BPDE lesions was essentially abolished when the complementary deoxyribonucleotide was
missing. Thus, a set of chemically identical BPDE adducts yielded a greater-than-100-fold range of repair rates,
demonstrating that nucleotide excision repair activity is entirely dictated by local DNA conformation. In
particular, this unique comparison between structurally highly defined substrates shows that fast excision of
BPDE-N?-dG lesions is correlated with displacement of both the modified guanine and its partner base in the
complementary strand from their normal intrahelical positions. The very slow excision of carcinogen-DNA
adducts located opposite deletion sites reveals a cellular strategy that minimizes the fixation of frameshifts

after mutagenic translesion synthesis.

Mammalian nucleotide excision repair promotes genomic
stability by removing UV radiation products and a wide range
of chemical carcinogen-DNA adducts (14, 20, 37, 42, 52). This
multisubunit DNA repair system operates by cleavage of dam-
aged strands on either side of the targeted lesion (28, 35)
followed by excision of oligonucleotide segments 24 to 32 res-
idues in length (25, 31). In subsequent reactions, double-heli-
cal integrity and the correct nucleotide sequence are reestab-
lished by DNA repair synthesis and DNA ligation (1, 40).

The mechanism by which mammalian nucleotide excision
repair enzymes discriminate damaged sites as substrates for
dual DNA incision is not understood (14, 24, 26, 42), but
several reports have demonstrated that excision activity is
highly nonuniform in the context of mammalian chromosomes.
For example, bulky UV radiation products are excised at vari-
able rates, with cyclobutane pyrimidine dimers being processed
considerably more slowly than the less frequently occurring
pyrimidine(6-4)pyrimidone lesion (30). Generally, active genes
are repaired faster than inactive loci, and the template strand
of RNA polymerase II-transcribed genes is repaired faster
than the coding strand (2, 3, 20, 29, 46). Yet another level of
heterogeneity emerged when DNA excision repair rates were
compared between closely related genomic sites. Along the
nontranscribed strand of the human hypoxanthine phosphori-
bosyltransferase gene, for example, excision repair of guanine
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adducts formed by benzo[a]pyrene diol epoxide (BPDE) varies
by more than 1 order of magnitude (48). Excision of 1-nitros-
opyrene-induced guanine adducts in exactly the same region of
the hypoxanthine phosphoribosyltransferase gene is also highly
variable, but with a distinctly different pattern of site-specific
repair (49). Similarly, in the p53 and phosphoglycerate kinase
1 genes of UV-irradiated human fibroblasts repair rates of
cyclobutane pyrimidine dimers vary dramatically with nucleo-
tide position (16, 44). In the nontranscribed strand of p53,
some sites are repaired with up to 90% efficiency within 24 h
after irradiation whereas other positions along the same strand
are less than 5% repaired in this time (44). Frequently, sites
that are slowly repaired coincide with hot spots of BPDE- or
UV-induced mutations (44, 48), indicating that the carcinogen-
esis process may be enhanced by inefficient repair of critical
oncogene Or tumor suppressor sequences.

Because of the molecular and clinical consequences of dif-
ferential site-specific repair, it is essential to gain an under-
standing of the structural factors that determine the rate of
excision in response to a particular DNA lesion. In this study,
we exploited stereoisomeric BPDE-N?-dG lesions, for which
the conformational properties have been established in detail,
to identify molecular determinants of human excision repair
efficiency. Benzo[a]pyrene is a prototype carcinogen that is
widely distributed in our environment and is metabolically
activated to several genotoxic BPDE derivatives (5). As indi-
cated in Fig. 1, racemic anti-BPDE generates mainly (+)-trans-
BPDE-N%-dG adducts with a minor proportion of (+)-cis-,
(—)-trans-, and (—)-cis-BPDE-N*-dG isomers (4). Depending
on their stereochemistry, these lesions impose distinctly differ-
ent structural alterations on DNA. Of the four stereoisomeric
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FIG. 1. Stereoisomeric N>-guanine adducts formed by racemic anti-BPDE.
Covalent addition of this ultimate carcinogen to guanine generates mainly (+)-
trans-BPDE-N2-dG with quantitatively minor (+)-cis-, (—)-trans-, and (—)-cis-
BPDE-N2-dG adducts. The (+) and (—) notations indicate mirror image rela-
tionships between the configurations of hydroxyl groups at the C-7, C-8, and C-9
chiral carbon centers. Trans and cis denote the configuration of covalent bonds
between N? of guanine and carbon C-10 of the benzo[a]pyrenyl moiety.

BPDE-N?-dG adducts, only (+)-trans-BPDE-N?-dG is associ-
ated with strong DNA bending (53, 55). Furthermore, (+)-
trans-BPDE-N*-dG is more effective in causing DNA unwind-
ing than the adducts derived from (—)-anti-BPDE (54). In the
5'-TCGCT-3' sequence context used in the present study, nu-
clear magnetic resonance (NMR) analysis showed that (+)-
trans- and (—)-trans-BPDE-N2-dG adopt external adduct con-
formations that accommodate the benzo[a]pyrenyl moiety into
the minor groove and retain Watson-Crick alignment at all
bases (7, 12). In contrast, (+)-cis- and (—)-cis-BPDE-N*-dG in
the same 5'-TCGCT-3" sequence adopt internal adduct con-
formations characterized by benzo[a]pyrenyl insertion into the
double helix and concomitant disruption of Watson-Crick hy-
drogen bonding. As a consequence, these helix-inserted (+)-
cis and (—)-cis configurations cause displacement of the co-
valently modified guanine and its cytosine partner into the
major or minor groove (8, 11).

By altering substrate stereochemistry or deoxyribonucleo-
tide composition, we found that human nucleotide excision
repair processes a series of conformationally distinct BPDE-
N2-dG adducts with an over-100-fold range of different exci-
sion rates. In particular, (+)-cis- and (—)-cis-BPDE-N*-dG
adducts (as well as acetylaminofluorene-C*-dG in the same
sequence) were excised about 10-fold more effectively than the
corresponding (+)-trans- and (—)-trans-BPDE-N2-dG isomers.
In addition, excision of BPDE-N?-dG adducts was strongly
modulated when the cytosine opposite to the lesion in the
complementary strand was either replaced by another base or
was missing entirely, as in mutagenic postreplication duplexes
resulting from the insertion of adenine or the formation of
frameshift deletions across the lesion. Collectively, these re-
sults reveal that efficient excision repair activity is correlated
with BPDE-N?-dG-induced base displacements that affect
both strands of modified DNA. The present report also indi-
cates that human DNA excision repair enzymes are able to
discriminate against substrates containing deoxyribonucleotide
deletions opposite carcinogen-DNA adducts, thereby avoiding
the fixation of potentially deleterious frameshift mutations
during the subsequent synthesis of excision repair patches.

MATERIALS AND METHODS
Oligonucleotide modification. BPDE-N?-dG adducts were obtained by react-

ing racemic (*)-7B,8a-dihydroxy-9c,10a-epoxy-7,8,9,10-tetrahydro-benzo[a]pyrene
(anti-BPDE) with the 11-mer oligonucleotide 5'-CCATCGCTACC-3’ as de-
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FIG. 2. Schematic representation of the oligonucleotide excision assay. (A)
Internally labeled duplexes of 139 bp were assembled from six different oligo-
nucleotides (their lengths are shown in parentheses). Modified 11-mer oligonu-
cleotides (5'-CCATCGCTACC-3") were prepared and characterized as outlined
in Materials and Methods and contained an acetylaminofluorene (AAF) or a
stereoselective BPDE adduct at the single guanine residue. Control substrates
were constructed with unmodified 11-mers. Prior to ligation, the central 11-mer
oligonucleotide was 5" end labeled with [**P]JATP (indicated by the asterisk)
whereas the other five components were phosphorylated with nonradioactive
ATP. Different complementary oligomers 19 or 18 nucleotides in length were
used to either replace or delete the cytosine residue opposite the modified
guanine. (B) After ligation and electrophoretic purification, the resulting 139-
mer duplex substrate contained an internal radiolabel near the site-directed
modification. The arrowheads indicate the expected major sites of dual DNA
incision by human nucleotide excision repair. Typically, this endonucleolytic
cleavage reaction generates a ladder of radiolabeled excision products in the
range of 24 to 32 nucleotides in length.

scribed previously (6, 17). The four stereospecific products were separated by
preparative reversed-phase high-performance liquid chromatography (HPLC)
on an octyldecyl silane Hypersil column (6, 17). To establish the purity and
stereochemical identity of each HPLC fraction, the samples were subjected to
enzyme digestion studies with snake venom phosphodiesterase and bacterial
alkaline phosphatase and analysis by UV absorption and circular dichroism as
reported previously (6, 7). A site-directed acetylaminofluorene-C8-dG adduct
was produced by incubating the 5'-CCATCGCTACC-3" oligonucleotide with
N-acetoxy-2-acetylaminofluorene (purchased from the National Cancer Institute
Chemical Carcinogen Reference Standard Repository) as outlined previously
(21). The resulting acetylaminofluorene-modified oligonucleotide migrated on a
20% polyacrylamide gel markedly more slowly than the unmodified control.
Excision repair substrates. Internally radiolabeled DNA duplexes of 139 bp
were obtained by ligating an unmodified or modified 11-mer (5'-CCATCGCTA
CC-3") with five other partially overlapping oligonucleotides (Fig. 2) as previ-
ously described (23, 28). The sequence of the complementary 19-mer oligonu-
cleotide was 5'-GCTCGGTAGCGATGGTCAG-3'. Alternatively, this 19-mer
sequence was replaced by 5'-GCTCGGTAGAGATGGTCAG-3’ or 5'-GCTCG
GTAGGATGGTCAG-3' to obtain substrates containing a G -+ A mismatch or a
deletion site, respectively (Fig. 2). The four flanking oligonucleotides of 59 to 64
residues had exactly the same sequences as those described by Matsunaga et al.
(28). For construction of linear double-stranded substrates, the 11-mer (70 pmol)
was 5" end labeled with [y->PJATP (7,000 Ci/mmol; ICN Pharmaceuticals, Inc.)
and mixed with 100 pmol of each of the other five oligonucleotides that were
phosphorylated with cold ATP. The mixture was annealed in 40-pl reaction
mixtures containing 50 mM Tris-HCI (pH 7.9), 100 mM NaCl, 1 mM dithiothre-
itol, and 10 mM MgCl,. After being heated to 85°C for 2 min, the samples were
cooled to room temperature and ligation was carried out for 18 h at 16°C in the
presence of 1 mM ATP, 5 U of T4 DNA ligase (Life Technologies, Inc.), and 50
ug of bovine serum albumin/ml. The full-length fragments of 139 nucleotides
were isolated by electrophoresis in a preparative 6% polyacrylamide gel, per-
formed under denaturing conditions. The purified 139-mers were then resus-
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pended in 50 mM Tris-HCl (pH 7.9), 100 mM NaCl, and 10 mM MgCl,,
reannealed, and repurified by 6% preparative polyacrylamide gel electrophoresis
under native conditions. The resulting substrates were stored in small aliquots at
—80°C.

Human excision repair assay. HeLa cells (American Type Culture Collection,
Rockville, Md.) were grown in RPMI 1640 supplemented with 7% fetal bovine
serum (Life Technologies, Inc.). The human xeroderma pigmentosum comple-
mentation group A lymphoid cell line GM2250 (National Institute of General
Medical Sciences Human Genetic Mutant Cell Repository, Camden, N.J.) was
grown in RPMI 1640 in the presence of 15% fetal bovine serum. Cell extracts
with typical protein concentrations of 10 to 15 mg/ml were prepared by cell lysis
and ammonium sulfate precipitation according to previously published methods
(27, 51). Excision reactions were adapted from the method of Huang et al. (26)
and contained (in 25 pl) 35 mM HEPES-KOH (pH 7.9), 60 mM KCI, 40 mM
NaCl, 5.6 mM MgCl,, 2 mM ATP, 80 uM (each) dATP, dCTP, dGTP, and TTP,
0.8 mM dithiothreitol, 0.4 mM EDTA, 3.4% (vol/vol) glycerol, 5 ng of bovine
serum albumin, 5 fmol (75,000 dpm) of radiolabeled DNA substrate, and 50 p.g
(in protein equivalents) of HeLa or lymphoid cell extract. In addition, coincu-
bation reactions were performed in which radiolabeled substrate containing a
site-directed (—)-cis-BPDE-N?-dG adduct (5 fmol) was mixed with a three- or
ninefold molar excess (15 and 45 fmol, respectively) of linear DNA fragments
containing the (+)-cis-BPDE-dG lesion located opposite a deoxyribonucleotide
deletion. Alternatively, 5 fmol of the radiolabeled substrate was combined with
either 15 or 45 fmol of undamaged duplexes in the normal complementary
sequence. After various incubation times at 30°C, reactions were stopped by the
addition of sodium dodecyl sulfate to 0.3% (wt/vol) and proteinase K to 200
ug/ml, followed by proteinase K digestion for 15 min at 37°C. DNA was repu-
rified by phenol-chloroform extraction, and excision repair products were re-
solved by electrophoresis in 10% polyacrylamide denaturing gels and visualized
by autoradiography. The fraction of excised lesions was quantified by counting
Cerenkov radiation in the gel slices containing 24- to 32-nucleotide-long excision
products as well as in the respective gel slices containing full-length substrates
(Beckman LS 6000LL liquid scintillation counter). Excision activity was ex-
pressed as the percentage of radioactivity migrating within the 24- to 32-mer
oligonucleotide size range relative to the total amount of radioactivity in each
lane. Control reactions containing undamaged substrates yielded background
excision levels of approximately 0.05%. In parallel, the relative level of damage
excision was confirmed by scanning densitometry of oligonucleotides in the 24- to
32-mer size range on appropriately exposed X-ray films (Molecular Dynamics
computing densitometer with ImageQuant software). The two different quanti-
fication methods involving either Cerenkov radiation measurements or densito-
metric scanning yielded essentially identical results.

RESULTS

Oligonucleotide excision by human nucleotide excision re-
pair enzymes. Nucleotide excision repair activity was deter-
mined by the oligonucleotide excision assay devised by Huang
et al. (25, 26). This cell-free assay exploits the unique dual
DNA incision pattern of human nucleotide excision repair and
therefore provides high levels of sensitivity and specificity. Ap-
propriate DNA substrates of 139 bp with a site-directed car-
cinogen adduct in the sequence 5'-TCGCT-3" were con-
structed from six different oligomers as illustrated in Fig. 2A.
Prior to ligation, the central 11-mer oligonucleotide was la-
beled with [y->P]ATP at its 5’ end so that the resulting 139-
mer duplex contained an internal radiolabel in the vicinity of
the acetylaminofluorene-C®-guanine or BPDE-N>-guanine le-
sion (Fig. 2B). After purification, the double-stranded frag-
ments were incubated with a nucleotide excision repair-profi-
cient HeLa cell extract (27, 51) in the presence of ATP and all
four deoxyribonucleoside triphosphates. Damage-specific dual
DNA incision by human nucleotide excision repair generates
radioactive products 24 to 32 nucleotides in length (25, 26, 31),
which were resolved by denaturing gel electrophoresis and
visualized by autoradiography.

In vitro repair reactions performed with linear 139-mer sub-
strate containing a site-directed acetylaminofluorene-C5-dG
adduct yielded specific excision products that migrated in the
polyacrylamide gel as an oligomeric ladder with dominant
lengths ranging from 26 to 28 nucleotides (Fig. 3A, lane 6).
Minor amounts of smaller fragments result from partial deg-
radation of the main excision products in the cell extract (26).
This characteristic oligonucleotide excision pattern was highly
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FIG. 3. Oligonucleotide excision by human nucleotide excision repair in re-
sponse to acetylaminofluorene-C®-guanine (AAF-C%-dG) or stereospecific
BPDE-N?-dG adducts. The indicated linear substrates (5 fmol; 75,000 dpm per
reaction) were incubated in HeLa cell extract for 40 min at 30°C. The reaction
products were analyzed by polyacrylamide gel electrophoresis. (A) Representa-
tive gel visualized by autoradiography. The sizes of oligonucleotide excision
products were estimated from a 19-mer marker; lane 5 shows a control reaction
with unmodified substrate. nt, nucleotides. (B) Quantitative evaluation was per-
formed by counting Cerenkov radiation and confirmed by laser scanning densi-
tometry as outlined in Materials and Methods, and the relative excision repair
activity is expressed as the percentage of oligonucleotide excision obtained in
response to the AAF-C8-guanine adduct (the bars show mean values of four to
six independent experiments * standard deviations).

reproducible when independent preparations of acetylamin-
ofluorene-modified substrate or HeLa cell extract were tested.
Excision repair activity was quantified by counting Cerenkov
radiation in the gel slices containing the excision products and
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full-length substrate, and these evaluations showed that 11.9%
+ 1.2% of acetylaminofluorene adducts were excised during
reaction times of 40 min. In contrast, no excision products were
released from undamaged control substrate (Fig. 3A, lane 5),
although intact 139-mer substrate as well as radioactive bands
generated by nonspecific nuclease activity could be observed at
similar levels at the top of the gel. This undamaged control
demonstrates the absence of spurious DNA nicks or other
lesions that may adversely affect the excision assay.

Excision of stereoisomeric BPDE-N?-dG adducts. Homoge-
neous preparations of 11-mer primers containing one of four
stereoselective BPDE-N2-dG adducts were ligated into 139-
mer duplexes as shown in Fig. 2 and incubated with HeLa cell
extract. All four BPDE-N2-dG stereoisomers were able to
elicit human nucleotide excision repair activity, although at
different rates. In particular, the representative polyacrylamide
gel shown in Fig. 3A demonstrates that BPDE-N*-dG adducts
with frans configuration at the linkage sites were excised con-
siderably more slowly than the corresponding stereoisomeric
lesions with cis configuration (Fig. 3A, lanes 1 to 4 and 7 to 10,
in duplicates). In all cases, the resulting excision products were
in a size range similar to those induced by the acetylaminoflu-
orene-C®-guanine adduct (Fig. 3A, lane 6) and contained pre-
dominantly oligomeric components 26 to 30 nucleotides in
length.

Nucleotide excision repair activity was quantified by count-
ing Cerenkov radiation in the gel slices containing the excision
products and the corresponding full-length substrates, and the
relative levels of damage excision were additionally confirmed
by laser scanning densitometry as indicated in Materials and
Methods. These quantitative evaluations showed that (+)-
trans-BPDE-N?-dG was excised at a rate 15 times lower than
that of the standard acetylaminofluorene-C5-dG adduct in the
same sequence context (Fig. 3B). A direct comparison between
(+)-trans- and (—)-trans-BPDE-N*-dG yielded identical exci-
sion rates (Fig. 3B), although these stereoisomeric BPDE ad-
ducts differ in the extent of DNA bending and unwinding
(53-55) as well as in the orientation of their benzo[a]pyrenyl
moiety within the minor groove (12). On the other hand, the
carcinogen insertion and base displacement motif of (+)-cis-
or (—)-cis-BPDE-N?-dG (8, 11) was associated with an approx-
imately 10-fold-higher excision rate relative to the Watson-
Crick alignment characteristic of both (+)-trans- and (—)-
trans-BPDE-N?-dG (Fig. 3B). In the two cis-BPDE-N*-dG
adducts used in this study, the benzo[a]pyrenyl ring systems are
oppositely oriented at their respective intercalation sites (11);
in addition, the modified guanines are displaced into different
grooves (11). However, these structural differences between
the two cis-BPDE-N2-dG variants seem to exert only minor
effects on the overall excision efficiency (Fig. 3B).

Time course experiments confirmed that human nucleotide
excision repair processes trans-BPDE-N?-dG adducts with ini-
tial reaction rates that are about 1 order of magnitude lower
than those stimulated by the corresponding cis-BPDE-N*-dG
isomers or the acetylaminofluorene-C5-dG lesion (Fig. 4). Im-
portantly, preferential excision of (+)-cis- and (—)-cis-BPDE-
N2-dG adducts relative to the trans isomers was highly repro-
ducible when independent DNA substrate or human cell
extract preparations were tested. In fact, the excision assays of
Fig. 3, 4, and 5 were performed with different HeLa cell extract
and substrate preparations. As expected, however, neither the
trans nor the cis isomers of BPDE-N%-dG were able to stimu-
late detectable excision reactions in nucleotide excision repair-
deficient extracts from xeroderma pigmentosum complemen-
tation group A cells (gels not shown).
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FIG. 4. Time course of oligonucleotide excision by human nucleotide exci-
sion repair. Incubations with HeLa cell extract were performed in the presence
of linear DNA substrate (5 fmol; 75,000 dpm per reaction) containing one of the
following adducts: (+)-cis-BPDE-N?-dG adduct (lanes 2 to 4), (+)-trans-BPDE-
N2dG (lanes 5 to 7), acetylaminofluorene-C®-guanine (AAF-C5-dG; lanes 8 to
10), (—)-cis-BPDE-N?-dG (lanes 12 to 14), or (—)-trans-BPDE-N-dG (lanes 15
to 17). Repair incubations were stopped after 10, 20, or 40 min at 30°C and
analyzed by polyacrylamide gel electrophoresis. The two autoradiographs were
obtained simultaneously from parallel gels and with identical exposure times but
with different cassettes. Only the bottom parts of the gels are shown; lanes 1 and
11 are control incubations of 40 min in the presence of undamaged substrate. nt,
nucleotides.

Excision of BPDE-N>-dG adducts with incorrect partner
bases or deletion sites in the complementary strands. The
dominant mutations induced by BPDE-N?-dG lesions in mam-
malian cells involve G - C—T - A transversions (and thus the
misincorporation of adenine opposite the covalently modified
guanines during DNA replication) as well as frameshift dele-
tions (33, 41, 47, 50). This pattern of mutagenesis prompted us
to test excision repair of (+)-trans- and (+)-cis-BPDE-N?-dG
when the complementary cytosine was replaced by adenine.
Similarly, we tested excision of the same BPDE-N2-dG adducts
when the deoxyribonucleotide residue opposite the modified
guanines was missing. Appropriate linear DNA substrates con-
taining (+)-frans- or (+)-cis-BPDE-N-dG lesions embedded
in different sequence environments were prepared as depicted
in Fig. 2. Human nucleotide excision repair activity in response
to base alterations in the complementary undamaged strand
was highly variable. Although all lanes in the polyacrylamide
gel of Fig. SA contained the same amount of total radioactivity,
the tested substrates yielded very different excision repair ac-
tivities. For example, excision of (+)-trans-BPDE-N?-dG was
marginally affected by the presence of adenine instead of cy-
tosine in the partner strand (Fig. 5A, lanes 4 and 5). In con-
trast, excision repair of (+)-cis-BPDE-N%-dG was markedly
reduced when the complementary cytosine was replaced by
adenine (Fig. 5A, lanes 7 and 8). Unexpectedly, excision repair
of both (+)-trans- and (+)-cis-BPDE-N%-dG was abolished
following introduction of a deletion site opposite to the mod-
ified residue. In fact, no detectable oligonucleotide excision
resulted from the incubations containing deletion duplexes
either with a (+)-trans- (Fig. SA, lane 6) or a (+)-cis-BPDE-
N2-dG lesion (Fig. 5A, lane 9). Appropriate control reactions
established that the dG - dA mispair or the dC deletion site
alone, i.e., in the absence of covalent BPDE-DNA modifica-
tions, fails to stimulate excision repair activity (Fig. 5A, lanes 2
and 3).
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FIG. 5. Excision of (+)-trans-, (+)-cis-, and (—)-cis-BPDE-N*-dG adducts
opposite dC—dA replacement or dC deletion sites. Excision repair reactions
were performed by incubating linear DNA substrate (5 fmol; 75,000 dpm per
sample) in HeLa cell extract for 40 min at 30°C and were analyzed by polyacryl-
amide gel electrophoresis. Adduct conformation and the corresponding base
composition of each substrate were as indicated. (A) Representative autoradio-
gram. No excision products were detected in control reactions incubated with
unmodified substrate in the normal sequence (lane 1) or unmodified substrate
containing either a dC—dA replacement (lane 2) or a single deletion site (lane
3). nt, nucleotides. (B) Quantitative evaluations were performed by counting
Cerenkov radiation in the appropriate gel slices, and the results were confirmed
by laser scanning densitometry as outlined in Materials and Methods; the relative
excision repair activity is expressed as the percentage of oligonucleotide excision
observed in response to either (+)-trans-, (+)-cis-, or (—)-cis-BPDE-N*-dG in
the fully complementary sequence, i.e., with dC opposite the lesion (the bars
show mean values of three independent experiments *+ standard deviations). The
fractions of excised oligonucleotides in the control reactions with (+)-trans-,
(+)-cis-, or (—)-cis-BPDE-N>-dG opposite the regular cytosine residue were
0.9% * 0.2%, 7.2% * 1.1%, and 9.5% =+ 2.2%, respectively.
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Evaluation of several independent incubations by quantita-
tive assessment of Cerenkov radiations and densitometric in-
tensities confirmed that excision of BPDE-N2-dG adducts was
strongly affected by changes in the hydrogen bonding partner
at the site of covalent modification. In particular, excision of
(+)-trans-BPDE-N2-dG was only moderately reduced when
the complementary cytosine was replaced by adenine, but ex-
cision of the same BPDE-N?-dG adduct in the trans configu-
ration was reduced about 10-fold when the complementary
deoxyribonucleotide was missing (Fig. 5B). On the other hand,
(+)-cis-BPDE-N?-dG was excised about 10-fold faster when
located opposite cytosine than opposite adenine and, unex-
pectedly, the same (+)-cis-BPDE-N%-dG was excised about
100-fold more efficiently in the presence of the complementary
cytosine than in its absence (Fig. 5B). These remarkable dif-
ferences prompted us to extend our analysis to substrates in
which the (—)-cis-BPDE-N*-dG isomer was located opposite
adenine or a deletion site. In both cases, we observed strong
inhibitory effects comparable to those found with the (+)-cis-
BPDE-N%-dG adduct (Fig. 5B).

Coincubation of substrate DNA with BPDE-modified dele-
tion fragments. The lack of detectable carcinogen excision
from deletion duplexes containing the BPDE adduct opposite
a missing deoxyribonucleotide led us to perform competition
experiments in which an excision repair substrate consisting of
(—)-cis-BPDE-N?-dG within the fully complementary se-
quence was combined with excess amounts of such deletion
fragments. For example, 5 fmol of the radiolabeled substrate in
the normal sequence was mixed with either 15 or 45 fmol of
139-mer fragments containing the (+)-cis-BPDE-N%-dG ad-
duct opposite a single dC deletion, and the mixtures were
incubated in HeLa cell extract for 40 min. In these coincuba-
tion reactions, excision repair of the substrate was reduced to
38.0% of the control activity in the presence of a threefold
molar excess of BPDE-modified deletion fragments. Further-
more, excision repair activity was reduced to 25.1% of the
control level when a ninefold molar excess of the same deletion
duplexes was added to the reactions (mean values of two in-
dependent experiments). In contrast, coincubation of the ra-
diolabeled substrate with a three- or ninefold molar excess of
unmodified control duplexes in the complementary sequence
resulted in only marginal reduction of excision repair activity
(to 90.2 and 97.3% of the control value, respectively). Collec-
tively, these results indicate that (+)-cis-BPDE-N*-dG adducts
situated opposite deoxyribonucleotide deletion sites, although
not repaired, are able to suppress excision of carcinogen-DNA
adducts in HeLa cell extract by competing for nucleotide ex-
cision repair factors.

DISCUSSION

Conformation-dependent excision of carcinogen-DNA ad-
ducts. To identify molecular determinants of excision effi-
ciency, human nucleotide excision repair was challenged with a
series of structurally highly defined carcinogen-DNA lesions.
First, we exploited the stereochemistry of BPDE-N*-dG ad-
ducts to generate DNA substrates with distinctly different con-
formational properties and found that BPDE-N?-dG adducts
are processed by human nucleotide excision repair about 1
order of magnitude less efficiently in the (+)-trans or (—)-trans
configurations than in the (+)-cis or (—)-cis configurations
(Fig. 3 and 4). The structure of these DNA substrates was
further modulated by changing deoxyribonucleotide composi-
tion opposite BPDE-N2-dG lesions. Excision of both (+)-cis-
and (—)-cis-BPDE-N?-dG was reduced about 10-fold by a cy-
tosine-to-adenine replacement in the complementary strand
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opposite the modified guanine (Fig. 5), and excision of (+)-
trans-, (+)-cis-, and (—)-cis-BPDE-N*-dG was essentially sup-
pressed when the partner deoxyribonucleotide opposite the
lesion site was entirely missing (Fig. 5). Thus, a set of chemi-
cally identical but conformationally distinct BPDE-damaged
substrates induced an unexpected range of human nucleotide
excision repair activities with over-100-fold differences in the
rates of damage excision. Collectively, these results show that
human nucleotide excision repair efficiency is highly sensitive
to the particular base pairing conformation arising at sites of
damage.

Targeting of human nucleotide excision repair activity to
sites of base pair displacement. Previous NMR analysis of
BPDE-N>-dG stereoisomers revealed two distinct structural
motifs. In the 5'-TCGCT-3' sequence context examined, (+)-
cis-BPDE-N?-dG involves intrahelical insertion of the benzo-
[a]pyrene moiety and local disruption of base pairing interac-
tions. The modified guanine is displaced towards the minor
groove and its cytosine partner is in the major groove (8).
Intrahelical insertion of the benzo[a]pyrene residue is also a
major structural feature of (—)-cis-BPDE-N*-dG, but in this
case, the modified guanine and its cytosine partner are both
displaced in the direction of the major groove (11). In the two
trans-BPDE-N*-dG adducts, the BPDE residues are posi-
tioned in somewhat widened minor grooves and Watson-Crick
hydrogen bonding is maintained at all base pairs (7, 12), al-
though with reduced stability at the modified G + C base pair
(56). Importantly, these profound differences in the NMR so-
lution structures of DNA duplexes containing BPDE-N>-dG
adducts in the cis or trans configuration are paralleled by their
distinctly different UV absorption and fluorescence character-
istics (17). Combined with such detailed structural informa-
tion, the 10-fold-higher excision repair rate stimulated by (+)-
cis- and (—)-cis-BPDE-N*-dG adducts relative to the
chemically identical (+)-trans or (—)-trans isomers indicates
that, in the human system, efficient nucleotide excision repair
of BPDE-modified substrates is dependent on the degree of
local base displacement at the lesion site. Interestingly, a dis-
tinctly different hierarchy of excision, with (+)-cis- and (+)-
trans-BPDE-N%-dG being processed more efficiently than the
corresponding (—) isomers, was observed when (A)BC exc-
inuclease (the prokaryotic nucleotide excision repair system)
was tested with the same conformationally defined adducts in
an identical sequence context (58). As noted before (24, 26,
34), these differences in the hierarchy of damage excision by
prokaryotic and eukaryotic nucleotide excision repair systems
possibly reflect diverging mechanisms of substrate discrimina-
tion.

The targeting of human nucleotide excision repair activity to
displaced bases is supported by a recent comparison between
the four BPDE-N>-dG lesions of this study and a (—)-trans-
BPDE-N®-dA adduct that had been placed in codon 61 of the
human N-ras sequence. This adenine adduct of BPDE provides
a distinct structural theme characterized by intercalative car-
cinogen insertion without displacement of the modified base
pair, although the respective hydrogen bonds are destabilized
more severely than in the trans-BPDE-N*-dG counterparts
(57). Presumably because of these gradual differences in the
extent of base pair disruption, the (—)-trans-BPDE-N°®-dA ad-
duct in the N-ras codon 61 sequence is excised in vitro at a
slightly faster rate than the trans-BPDE-N2-dG adducts tested
in this study. Consistent with the absence of stable extrahelical
base displacement, however, this particular (—)-trans-BPDE-
NO-dA adduct is excised about six times more slowly than the
two cis-BPDE-N?-dG isomers (22). Targeting of excision re-
pair activity to displaced bases is also consistent with previous
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studies from one of our laboratories, in which we demon-
strated that disruption of proper base pairing is an essential
determinant of DNA damage recognition by human nucleotide
excision repair enzymes (19, 24).

Unexpectedly, excision activity was nearly abolished by re-
moval of the cytosine partner in the complementary strand
opposite the lesion. Upon NMR analysis (9, 10), the absence of
a single deoxyribonucleotide opposite either (+)-trans- or (+)-
cis-BPDE-N”-dG has been shown to generate wedge-shaped
intercalation complexes in which the modified guanine resi-
dues are displaced into the major and the minor grooves,
respectively. However, these rather distorted duplexes are pro-
cessed poorly by human nucleotide excision repair, indicating
that a single base displaced into the major or minor groove is
not as effective as the displacement of both bases for efficient
excision. In competition experiments, we observed that (+)-
cis-BPDE-N2-dG adducts located opposite deletion sites sup-
press excision repair activity of appropriate substrates, suggest-
ing that at least certain nucleotide excision repair factors
interact with such BPDE-modified deletion duplexes but the
resulting protein-DNA complexes fail to stimulate damage ex-
cision. Thus, the complementary undamaged base may have an
unexpected and critical role in the assembly of functional in-
cision complexes at sites of DNA damage. On the other hand,
the structural consequences of dC—dA changes opposite
BPDE-NZ-dG adducts are not completely understood. A char-
acteristic shift in the light absorption spectra of BPDE-modi-
fied substrates led Pontén et al. (39) to conclude that the
benzo[a]pyrene moiety may interact preferentially with ade-
nine and, hence, promote incorporation of this purine into the
double helix. Thus, adenine residues located across certain
BPDE-NZ-dG adducts appear to exhibit less base displacement
than cytosine and, in the cases of the helix-inserted (+)-cis and
(—)-cis isomers, this observation correlates with 10-fold-lower
levels of excision repair activity. Conversely, our study indi-
cates that conformational distortions other than base pair dis-
placement play a less important role as primary determinants
of excision efficiency. For example, (+)-trans-BPDE-N-dG is
only a moderate substrate for human nucleotide excision re-
pair despite its more prominent ability to bend and unwind
DNA (54, 55). Similarly, deletion-site substrates containing
BPDE-guanine lesions are extremely inefficient substrates of
human nucleotide excision repair despite their wedge-shaped
helical distortions (9, 10).

Excision repair heterogeneity. The structure-activity rela-
tionship established in this study indicates preferential target-
ing of human nucleotide excision repair to BPDE-induced
DNA distortions that displace both the modified base and its
complementary partner. This finding provides a molecular
frame for understanding and predicting the highly variable
efficiency with which DNA adducts are excised from human
genes (48, 49). It has been shown that carcinogen-DNA lesions
are subject to strong sequence-dependent conformational
polymorphisms. For example, in the 5'-TCGCT-3" sequence
context of this study (+)-trans-BPDE-N?-dG induces a struc-
tural motif characterized by Watson-Crick base pairing (7) but
a single nucleotide change on the 5’ side of the same lesion is
associated with the appearance of an additional conformer
(13). Similarly, acetylaminofluorene-C®-dG adducts have been
associated with sequence-specific polymorphisms in the extent
of base pair denaturation (15, 18, 38, 45), and these variations
constitute an important source of repair heterogeneity (34).
Our results indicate that site-specific conformational differ-
ences affecting the local base pairing geometry may potentially
result in excision rates that vary by more than 1 order of
magnitude.
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Excision from mutagenic intermediates generated by DNA
replication. The replicative bypass of BPDE-N?-dG-damaged
DNA templates is often facilitated by insertion of adenines
across modified guanines or by misalignment frameshift inter-
mediates that generate deletion sites (33, 43). We observed
that (+)-trans-, (+)-cis-, or (—)-cis-BPDE-N”-dG adducts in
substrates with a dA inserted opposite the modified guanines,
or with a missing dC opposite these lesions, are excised less
efficiently than they are from normal, fully complementary
sequences. Most strikingly, excision of (+)-cis-BPDE-N%-dG
was reduced about 100-fold when the complementary deoxy-
ribonucleotide was deleted. This ability to discriminate against
duplex molecules containing a deoxyribonucleotide deletion
site opposite DNA adducts appears to extend to a broad range
of lesions, as we were able to observe the same response in the
presence of other modifications that normally constitute effi-
cient substrates for human nucleotide excision repair, i.e.,
acetylaminofluorene-C5-dG adducts and a synthetic pivaloyl-
deoxyribose adduct (22).

Our present findings contrast with previous reports that have
shown increased nucleotide excision repair activity in the same
HeLa cell extract when bulky DNA adducts were combined
with single G - T mismatches (32, 36). These studies proposed
that, in some cases, efficient repair of mutagenic duplexes
resulting from low-fidelity mechanisms of DNA replication
would promote the fixation of a nucleotide change in both
DNA strands (32, 36). Conversely, our present results indicate
that mammalian cells possess a substrate discrimination strat-
egy that minimizes excision of carcinogen-DNA adducts from
certain mutagenic postreplication duplexes, particularly from
those mutagenic intermediates that contain frameshift dele-
tions opposite the lesion. This strategy reduces the contribu-
tion of DNA excision repair on the overall level of frameshift
mutagenesis.
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